grating and a movable mirror. The diode laser is posi tioned to illuminate a diffraction grating and a movable mirror is positioned to reflect a selected wavelength back into the cavity. The mirror is mounted on a pivot so positioned to provide simultaneous rotation and lin ear translation. The pivot point is selected so as to pro vide an internal cavity length which is exactly an inte gral number of half wavelengths at three different wavelengths and an exceptionally close (within 1/1000 of one wavelength) match at all other wavelengths within the tuning range. Significantly, the pivot point calculation takes into account the effect of the disper sion of the laser and other optical elements in the system on the cavity length. These elements are usually a small part of the physical length of the cavity, but their greater dispersion makes their contribution to the num ber of half wavelengths in the resonant cavity very significant. 2. Description of the Prior Art Tunable semiconduc tor diode lasers, which provide an extremely useful optical tool, are handicapped by the fact that the tuning mechanisms do not maintain a constant number of half wavelengths within the cavity. The typical tunable diode laser has one facet having an antireflection coat ing through which a selected wavelength is fed back into the laser to sustain oscillation at the selected wave length. Quite commonly, the desired wavelength is selected by means of a diffraction grating with a rotat able mirror which selects a desired wavelength from the beam diffracted by the grating. The variation in angle of the mirror is effective to select the desired wavelength, which is diffracted by the grating at the angle repre sented by the mirror position. While this approach pro vides a convenient means for tuning the operating wavelength of the laser, it has been found that mirror rotation alone does not provide a smooth tuning action. This is because the simple rotation of the mirror to select the energy emitted from the diffraction grating at the angle of the desired wavelength does not maintain the length of the tuning cavity at an integral number of half wavelengths. As the wavelength is varied and the number of waves in the cavity varies, the laser output exhibits discontinuities such as large changes in output power.
The basic principles of the operation of the tunable laser utilizing a variable length external cavity in con junction with a diffraction grating and a rotatable mir ror are set forth in the publication, "Spectrally Narrow Pulse Dye Laser Without Beam Expander", by Michael G. Littman and Harold J. Metcalf, Applied Optics, vol. 17, No. 14, pages 2224 -2227 , Jul. 15, 1978 Although the article describes a system which uses a dye laser, the diode laser is easily substituted. The system utilizes a diffraction grating which is filled with an incident colli mated laser beam by using the grating at a grazing an gle. The diffracted beam at the angle normal to the mirroris reflected back onto the grating and from there, back into the lasing cavity, where it serves to determine the operating wavelength of the system. Rotation of the mirror to select the wave diffracted allows the system to be tuned to a desired output wavelength.
It was later recognized that simple rotation of the Optics, Vol. 245, No. 17, pages 2757 -2761 , Sept. 1, 1985 . The geometry described in this publication relates to positioning the point of rotation (pivot point) of the mirror at the intersection of the planes of the surface elements. The article suggests that for oscilla tors with mirrors as both end elements a possibly useful displaced configuration will also be synchronous. How ever, the displaced configurations will, as above, be synchronous only in the absence of dispersive elements in the cavity.
A further development, set forth in "External-Cavity Diode Laser Using a Grazing-Incidence Diffraction Grating', by K. C. Harvey and C. J. Myatt, Optics Letters, Vol. 16, No. 12, pages 910-912, Jun. 15, 1991 , describes a tunable cavity system utilizing a diode laser in which the diode laser has a highly reflective rear facet and an anti-reflection coated output facet with an output window. The output beam is collimated by a lens and illuminates a diffraction grating at a grazing angle. The first order of diffraction of the grating is incident on the mirror, which reflects it back onto the grating, where the first order of diffraction passes back into the diode laser. The output of the system is the zeroth-order reflection from the grating. In this system, no mention is Despite efforts to devise suitable mechanical arrange ments for simultaneous rotation and linear translation of the mirror, the prior art systems either require complex adjustment or do not effectively provide the required constant number of half wavelengths within the tuning cavity. In the case of a cavity containing dispersive elements, even the dispersion caused by air can be a significant factor.
SUMMARY OF THE INVENTION
According to this invention, a semiconductor laser diode is positioned to illuminate a diffraction grating and a movable mirror is positioned to reflect a selected wavelength back into the laser cavity. The mirror is mounted on a pivot so positioned to provide simulta neous rotation and linear translation. The pivot point is selected so as to provide an internal cavity length which is exactly an integral number of half wavelengths at three different wavelengths and an exceptionally close (within 1/1000 of one wavelength) match at all other wavelengths within the tuning range. Significantly, the pivot point calculation takes into account the effect of the dispersion of the laser and other optical elements in 3 the system on the cavity length. These elements are usually a small part of the physical length of the cavity, but their greater dispersion makes their contribution to number of half wavelengths in the resonant cavity very significant.
BRIEF DESCRIPTION OF THE DRAWINGS
Other Objects of the present invention and many of the attendant advantages of the present invention will be readily appreciated as the same becomes better un derstood by reference to the following detailed descrip tion when considered in connection with the accompa nying drawings, in which like reference numerals desig nate like parts throughout the figures thereof and nanometers which passes through collinating lens 3 and illuminates grating 4 at a grazing angle. The zeroth order reflection 5 from grating 4 is the output beam from the system. The first-order diffraction 6 from the grating 4 hits mirror 7 and is reflected back on to grat ing 4, from which it is returned to the laser 1 by a sec ond diffraction. Mirror 7 is supported by mirror support arm 8, shown schematically by the broken line. Mirror support arm 8 has a socket 9 adapted to rotate on ball element 10, thereby allowing rotational movement of arm 8 and mirror 7. This showing is schematic only and is not intended to constitute an accurate geometric por trayal of the locations of the elements shown. Although the selection of the various elements of the system will be dependent on the particular use for which the system is intended, one embodiment utilizes a type TOLD9215 diode laser sold by Toshiba. This laser has a physical length in the range of 200-300 microns and includes a window of 250-275 microns thickness.
The lens 3 is a molded glass aspheric lens no. 350110 from Corning Glass selected to be 4.5 mm in thickness. Diffraction grating 4 may be of the holographic type having 2400 lines per mm, such as that sold by Edmund Rotational movement of mirror support arm 8 in the counterclockwise direction causes the angle of the re flected wave from grating 4 to be increased and the length of the cavity, from the rear of laser 1 to the mirror 7, to increase, thereby selecting a longer wave length for operation of the system. Conversely, clock wise rotation of mirror support arm 8 causes the output wavelength of the system to decrease.
The operational wavelength of the system may be considered to be primarily determined by the angle of mirror 7 with respect to grating 4. The change in the cavity length caused by lineal translation of the mirror is primarily for the purpose of maintaining an integral number of half-wavelengths in the resonant cavity. Spring elements 30a-30b bias the mirror support arm 8 against the balls 10a and 10b.
FIG.3 represents a sectional view taken from the side of the device along the center line. Since the system is sensitive to heat generated by laser 1, thermo electric coolers 31a and 31b are provided to conduct heat gener 5,319,668 5 ated by laser 1 from the system. Alignment lever por tions 32a and 32b (shown in FIG. 4 Since laser devices of this type are sensitive to tem perature changes, the preferred embodiment, as shown in FIG. 5, incorporates a shroud 50 of insulating mate rial and a protective case 51a and 51b of suitable mate rial such as aluminum or high tensile plastic such as fiber-reinforced polycarbonate. To provide occasional access to the device, the case may include a removable cover 51a which fits over the base portion 51b. The base element 20 of the laser system will be affixed to the 6 insulating material within base portion 51b of the case. An aperture 53 is provided in cover 51a for output beam 5.
A transparent window is placed over the aperture 53, a gasket is placed between the base portion 51b and cover 51a, and all other openings in the case are sealed to prevent changes in air pressure and temperature from affecting the optical path length.
The angular position of mirror 7 determines the par 10 ticular angle of the first-order diffraction from the grat ing 4 which will be reflected back into laser 1. If the distance of mirror 7 is calculated according to simply the physical distance from the back mirror facet of laser 1, an error will exist because of the contribution of the 15 various elements having different indices of refraction. This is illustrated schematically in FIG. 6 . The material of laser 1 has a relatively high index of refraction. Simi larly, window 2 and lens 3 also have high indices when compared to air. Because of the high index of refraction 20 of these elements and the change of the index of refrac tion as a function of wavelength, i.e. dispersion, their contribution to the optical distance must be considered when calculating the lineal position of mirror 7.
To properly provide for maintenance of the same 25 integral number of half-wavelengths in the tunable cav ity over the tuning range, the physical distance must be corrected for the changes in the index of refraction (i.e., dispersion) of the optical elements and the air within the optical path, as well as the relatively simpler correction 30 for the different wavelengths. In geometric terms, the calculation generates mirror positions for three different wavelengths. Typically, the 35 three wavelengths represent the center wavelength of the tuning range and wavelengths on either side of the center wavelength slightly inside the limits of the tuning range. In this showing of FIG. 7A , the mirror position for the center wavelength is shown at 70c, the mirror 40 position for the longer wavelength is shown at 70l and the mirror position for the shorter wavelength is shown at 70s. The plane in which each mirror lies is extended to the line where it intersects with another plane. In  FIG. 7A , the planes for mirror positions 70s and 70c intersect at point 70sc and the planes for mirror posi tions 70l and 70c intersect at point 70lc. Normals 70sN and 70cN to the plane of mirror 70 and 70s are erected at the point 70sc and the bisector of the angle formed by the normals is extended along line 72.
A similar exercise is performed for the intersection 7Olc of mirror planes for mirrors 70l and 70c. Normals 70lN and 70cN to the plane of mirrors 70l and 70c are erected at the point 70lc and the bisector of the angle formed by the normals is extended along line 73. The bisectors 72 and 73 intersect at point 75, which is the optimal location of the pivot point to provide the mini mum distance error in the optical length of the tuning cavity. This is, to provide the same integral number of half-wavelengths in the tuning cavity over the entire 60 operating range of the tuning system, Perpendicular distance from mirror to pivot. Ideally this would be identical for all wavelengths; variation indicates quality of choice this is a theoretical plot, it is characteristic of systems embodying the present invention. It can be seen that the output power follows a smooth curve which rises toward the center of the operating wavelength and dips toward the higher and lower limits of the operating wavelength.
The output power to be expected from systems which do not maintain the same integral number of half wavelengths is shown in FIG. 8B , which represents a plot of output power versus wavelength. It can be seen that the output power follows an airy function with the peaks representing integral numbers of half wavelengths and the valleys representing the transition between the integral half wavelength points. The actual plot may differ somewhat from the theoretical form, but will never be a smooth curve such as shown in FIG. 8A .
To obtain a smooth curve of FIG. 8A , the physical position of the mirror at each of the three points used in the calculation previously described must take into account the effect of the index value of each of the optical elements at the three wavelengths. The com plexity of the compensation problem is demonstrated in  FIG. 9 , which represents a plot of the effect of disper sion versus wavelength.
The effectiveness of the invention is demonstrated in   FIG. 10 which shows a plot of mirror position error versus wavelength. It can be seen that the system pro vides zero error at the three selected wavelengths and varies no more than 1/1000 of a wavelength over the operating range of the system .   FIG. 11 illustrates the residual error for a system which does not compensate for dispersion, curve 110, and a system which incorporates the invention, curve 9 111. The vertical scale is the error in thousandths of a wavelength.
Although the foregoing description of the invention and the preferred embodiment is presented in terms of a specific arrangement of laser, grating and mirror often called littman, it will be appreciated that the invention is applicable to the implementation of other external cavi ties as well, for example, the Littman configuration, in which the diffracted beam is directed straight back toward the laser.
Various modifications can be made to the present invention without departing from the apparent scope hereof.
I claim:
1. In a tunable diode laser having an external cavity including a collimating lens, a rotatable mirror for re flecting a selected wavelength from a diffraction grat ing back into the laser, means for simultaneous rotation and linear translation of said mirror comprising:
a. a pivot axis, for rotation of said mirror, positioned at the intersection of the bisectors of the angles created by the normals to the mirror planes at the points of intersection between said minor for first, second and third positions of said mirror; . . . the first said position representing the angular posi tion which reflects a first desired wavelength, dif fracted by said diffraction grating, in the tuning rang of said system, and a first lineal position corre sponding to an optical distance for said lasers and cavity representing a first integral number of half wavelengths at said first desired wavelength; . . . the second said position representing the angular position which reflects a second desired wave length, the nominal center wavelength of said sys tem, diffracted by said diffraction grating and a second lineal position corresponding to the optical distance for said laser and said cavity representing said first integral number of half wavelengths at said nominal center wavelength of said system; d. the third said position representing the angular position which reflects a third desired wavelength, on the opposite side of said nominal center wave length form said first desired wavelength and within the tuning range of said system, diffracted by said diffraction grating and a third lineal posi tion corresponding to the optical distance for said laser and cavity representing said first integral number of half wavelengths at said third wave length; and, e. said first, second and third lineal positions includ ing distance corrections to the actual physical length corresponding to the length and indices of refraction of the window of said diode laser and a distance correction corresponding to the thickness and indices of refraction of the lens. 7. A system according to claim 6 wherein said spring means are coil springs.
8. A system according to claim 7 wherein the coil springs are oriented to permit rotational movement of said mirror. 9. A system according to claim 8 wherein said spheri cal elements are spaced apart on said pivot axis to in hibit axial misalignment of said mirror.
10. In an external cavity tunable laser system having a laser, having a laser, a diffraction grating and a rotat able mirror positionable to reflect a beam diffracted by said diffraction grating at a selected angle, correspond ing to the diffraction angle of a selected wavelength, back into said laser, the improvement comprising: a pivot means for said mirror; b. the axis of rotation of said pivot means positioned at the line of intersection of the bisectors of the angles created by the normals to the plane of said mirror at three different angular positions of said mirror representing the diffraction angle from said grating of three different wavelengths;
. . . said normals passing through their corresponding mirror planes at the points of intersection between said mirror planes at said three different angular positions; d. said three different angular positions of said mirror corresponding to the angular position which re flects three different wavelengths within the tuning range of said laser and a lineal position representing an integral number of half wavelengths within said cavity at said three different wavelengths; and, e. one of said three different wavelengths is the nomi nal center wavelength of the system. a. a pair of mirror adjustment arms respectively af.
fixed to said mirror mounting means in close prox inity to one of said second pair of sockets and extending outwardly therefrom to a point spaced from said mirror mounting means; and, b. each of said adjustment arms having a first adjust ment screw passing through a clearance hole in said adjustment arm into a tapped hole in said mir ror mounting means a first distance from the point at which said adjustment arm is affixed to said mirror mounting means and a second adjustment screw passing through a tapped hole in said adjust ment arm to bear against said mirror mounting means at a point spaced a second, greater, distance from the point at which said adjustment arm is affixed to said mirror mounting means, whereby said first screw is operative to deflect said mirror toward said axis of rotation and said second adjust ment screw is operative to deflect said mirror away from said axis of rotation.
